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NOTICES

When Government drawings,- specifications, or other data are used
for any purpose other than in connection with a definitely related Govern-
ment procurement operation, the United States Government thereby in-
cursnoresponsibility nor any obligation whatsoever; and the fact' that
the Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in any manner licensing the holder or
any other personor corporation,or conveying any rights or permission
to manufacture, use, or sell any patented invention that may in anyway
be related thereto.

The information furnished herewith is made available for study
upon the understanding that the Government’s proprietary interests in
and relating thereto shall not be impaired. It is desired that the Judge
Advocate (WCJ), Wright Air Development Center, Wright-Patterson
Air Force Base, Ohio, be promptly notified of any apparent conflict be-
tween the Government’s proprietary interests and those of others.
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FOREWORD

This investigation of pressure surges 1n aircraft hydraulilc
systems was undertaken at North, American Aviation, Inc.,
for the Wright Air Development Center as authorlized by
Contract No. AF33(038)18983, E.0. No. 452-492 SR1lg, dated
28 March 1951. The contract was administered under the
direction of Capt. H. W. Basham of the Aircraft Laboratory,

Aeronautic Division.

This final report includes all of the essential informatilon
contained in the three progress reports previously submitted,
in addition to the analysis and interpretation of the data
presented. The reader, therefore, requires no familiarity
with the progress reports in order to utilize the 1informa-
tion contalned herein.

Chief responsibllity for the conduct of this research program
was assigned to Mr. E. A. Housel. Included among those who
cooperated in the program were Messrs. E. J. Bigelow, J. E.
Campbell, and F. A. Grabert. Appreclation 1s extended to

the varlous ailrcraft companies and hydraulic system compon-
ent manufacturers who cooperated in the survey of existing
information and data relative to the investigation.
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ABSTRACT

Theoretical and experimental studles were made to

determine the effects of numerous system and component
parameters on the magnitude and frequency of pressure
surges which occur upon opening or closlng a valve 1in

. a hydraulic system. It was found necessary to consider

WADC TR52-37

the system as a composite unit, due to the complex
manner in which the effective resistances, inductances,
and capacitances of the system components affected surge
characteristics. Electric analogs have been proposed as
a convenient means for system analysis, and theoretical
approaches for thelr practical application have been
developed.

Analytical studies of existing and experimental data
were made to determine the effect of pressure surges
on the fatigue characteristics of varilous hydraulic
system components. These studles indicated the magni-
tude of the surge to be of primary concern, with
frequency and rate of pressure rise showing only
secondary effects. Secondary high-frequency oscilla-
tions were found particularly undesirable because of
their excessive peaks, but certain Information pertil-
nent to their control has been obtained.
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CHAPTER I
INTRODUCTION

1.1 Backgrdund

1.1.1 Pressure surges, which often exist in alrcraft hydraulic systems, are

oI’ Importance because of their effect on the fatigue and functional character-
istics of the system components. In the past, detrimental pressure surges

(and those considered detrimental) have been eliminated or have been controlled
by arbitrary design changes based on the practilical experience of the hydraulilc
system and component designers. At present, there is a growing need for cri-
teria which are applicable to improved system design and to the establishment
of a general impulse test specificatlon for industry to use in qualifying
hydraulic system components.

1.1.2 In order to establish the desired criteria, i1t is necessary to determine
The causes of these pressure surges, the effects of various system parameters
on them, and the resulting effect of the surges on the system components. Some
basic informatlion on the theory and nature of pressure surges was obtained from
an investigation previously performed by the Contractor and described in USAF

Technical Report No. 5997 (Ref. 1).

1.1. The pressure surges studled in the previous investigatlon were those
accompanying the rapld opening or closing of valves and those exlsting as
oscillations in a pump discharge lline during normal pump operation or with pump
cavitation. The most significant of these from the standpoint of magnitude
were the surges which occurred when a valve was rapidly opened allowling a
charged accumulator to discharge into a low-pressure closed-end tube containing
fluid free of entrained air (i.e., air not in solution). Results of the re-
search indicated that pressure peaks of approximately twice the nominal system
pressure could occur, but this ratio was attenuated by increased system pres-
sure, increased system volume, restriction in the system, lower temperature,
and slower valve opening time. Also, 1t was found that the presence of an
entrained air volume of 2 - 3 percent of the system fluld volume could cause
surge peaks up to 5 to 6 times the accumulator pressure. However, the scope of
the previous investlgation was limited in that 1t consldered only a simple
closed-end tube system with an accumulator and system pressures up to 1200 psi.
The research done was sufflcient to establish basic theory, but the need for
further work to determine the effects of various other parameters was evident.

1.2 Purpose and Scope

1.2.1 The present research program was designed to investigate the exact nature
of the pressure surges which occur in hydraulic systems, to evaluate the practi-
cal significance of these surges, and concurrently to establish criteria for
uge 1n the design of aircraft hydraullc systems.

1.2.2 1In the present 1nvestlgation, conslderation was given to branch systems,
actuating cylinder systems with varied load configurations, accumulator parame-
ters, selector valve parameters, systems with and without accumulators, and
higher system pressures. Many of the parameters were studied on a closed-end
tube system because it facllitated the theoretical analysis. In addition to
studies of pressure surges occurring upon opening a valve in a hydraulic system,
conslderation was given to pressure surges which occur upon closing a valve in
a discharge line from a variable volume (or displacement) pump incorporating an
unloading device.

1.2. Siince the practical significance of pressure surges was in their effect
on e hydraullic system components, analytical studies of existing information
and data pertinent to the problem were made and additional experiments were
conducted. Existing information and data were obtained from correspondence
with varlous alrcraft companies and hydraulic system component manufacturers,
and from published technical reports and literature.

WADC TR52-37 1
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1.2.4 It was originally anticipated that the data obtained from detalled

studles of the effects of 1solated variables might be integrated into a form

of curves, tables, and equations which could be used for design analysis of
pressure surges in a hydraulic system. However, combinatlion of data in this
manner was not found sultable due to the complex nature of pressure surges.
Electric analogs have been proposed as a more adequate means for design analysis.
General information and data pertinent to improved design willl be found in

appropriate sections of this report.

1.3 Reports

1.3.1 The present research program extended over a twelve month period and
e concurrent status was described by progress reports submitted at intervals

as follows:
%ai First Progress Report dated 21 June 1951

b Second Progress Report dated 24 September 1951
¢ Third Progress Report dated 26 December 1951

This final report includes all Information obtalned during the entire investi-
gation.

WADC TR52-37 2
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CHAPTER II
SUMMARY OF RESULTS

2.1 The Nature of Pressure Surges

2.1.1 From the theoretical and experimental investigations conducted in this
research program, it was found that analysis to determine the exact nature of
pressure surges (1.e., magnitude, frequency, and rate of rise) in a hydraulic
system necessitated consideration of the system as a composite unit. This was
due to the complex manner in which the effective resistances, inductances, and
capaclitances of the system components combined. The use of electric analogs
(Appendix I) has been proposed as the most convenient means for theoretical
- analysls of a hydraulic system because:

5&2 They can adequately represent a hydraullc system;

b They provide access to advanced techniques in mathematical calculation
procedures;

(¢) Equivalent circuits can be made and operated at lower cost.

The need for further investigation to establish constants for use in the electric
analogs and investigatlon to establish a technique for handling the non-linearity
of valve resistance has been evlidenced in this investigation.

2.1.2 The data and information presented in Chapter III can be considered as
Torms of design criteria since they do provide indications of trends. However,
the percentage effectiveness shown in the data for a particular parameter should
not be used without restralnt, because the relative effectiveness is subject to
system configuration and operating conditions.

2.1. The magnitudes of pressure surges which occurred on opening a valve were
ound to be affected by system and component parameters in the following general

manner:

(a) Slower valve opening rates (1.e., rate of change of port area), valve
interflow prior to actual port opening, and smaller port areas with
the valve fully open resulted in lower peak pressure ratios (i.e.,
the ratio of maximum surge pressure to nominal system pressure).
Larger port areas were permissible for a given peak pressure ratio as
the valve was located nearer the energy source.

(b) Variation of accumulator parameters (i.e., geometrical shape and size,
precharge alr pressure, and piston weight5 had little effect on the
peak pressure ratloc of the system tested. However, large volumetric
displacements reduce the system pressure and result in lower peak
pressures. Under these conditlons, accumulator precharge air pressure
becomes significant.

(¢) Lower system flow rates resulted in lower peak pressures, the highest
peaks occurring in a system with an accumulator as an energy source.
With no accumulator installed in the system, the primary source of
energy was the compressed fluld in the pressurized section of the
system. Pump discharge flow rate had relatively little effect, ex-
cept at flow rates above 8 gpm. The magnitude of the pressure surge
under these conditions was dependent upon the volumetric ratlo between
the high-pressure and low-pressure sections of the system.

(4) Increased system pressure resulted in lower peak pressure ratios.

(e) Increased system volume resulted in lower peak pressure ratios.
Results of tests on various system lengths with the basic valve gave
higher peak pressure ratios with increased system volume (i.e.,
longer test sections), but this was due to manner in which valve
resistance affected the damping characteristics during the initial
pressure rilse.

WADC TR52-37 %
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(£) Decreased temperatures, especlally at low temperatures, resulted 1in
lower peak pressure ratios.

(g) The presence of entrained air did not appear to affect the magnitude
of the fundamental wave, but did result in high-frequency pressure
oscillations superimposed upon the fundamental wave. The magnitudes
of these secondary oscillations appeared to be dependent upon the
quantity of air present. Further investigation of this particular
phenomena would be required to establish more exact relatlonships.

(h) In actuating cylinder systems, increased opposing loads and increased
return line restriction gave higher initilal peak pressures and lower
bottoming peak pressures. Relatively small mass loads were required
to approach a closed-end tube conditlion. The magnitude of the
bottoming pressure surges with an accumulator 1n the system were
considerably higher than those observed in closed-end tubes, except
when the opposing load was large. The magnitude of bottomlng surges
compared favorably wlith closing valve theory.

2.1.4 The magnitudes of pressure surges which occurred when a valve was closed

In the discharge line from a variable volume (or displacement) pump were found

to be affected by system parameters in the following general manner:
(a) Slower valve closing rates resulted in lower peak pressures, .
(b) Decreased flow resulted 1n lower peak pressures.

(¢) Increased system volume resulted in lower peak pressures.

2.1.5 1In the tests on variable volume (or displacement) pumps, unstable pump
performance was observed under certaln flow conditions and system configurations.
This unstable performance was characterized by low-frequency osclllations (30 cps
or less), the magnitude of which was a function of the flow conditions in the
system. This frequency was attributed to the effect of the pump unloading

device on the frequency response characteristics of the system.

2.1.6 The fundamental frequency of the pressure surge which occurred when a
valve was opened was relatively independent of valve parameters, accumulator
parameters, system pressure, and system flow rate, but increased slightly when
the temperature was lowered, due to the effect of temperature on the velocity
of wave propagation. The fundamental frequency of the pressure surge was af-
fected by system confilguration in the following general manner:

(a) Increased system length resulted in lower frequencles. The frequency
of a single line circult was 1nversely proportional to the system
length between the accumulator to the closed end of the tube.

(b) The addition of equal length branch circuits resulted in lower
frequenciles. .

(¢) Dual branches of unequal length gave complex frequency characteristics
which appeared to include the fundamental frequencles of the indi-
vidual branches and certaln phase relationships.

(a) Bottomed cylinders at the closed end of a single line circuit resulted .
in lower frequencies. Increased volume in the cylinder resulted in ]
further lowering of the frequency. The frequency was inversely
proportional to the square root of the product of system inductance

and capacitance (Appendix I).

(e) The fundamental frequency of the pressure surge did not appear to be
affected by entrained air, but the presence of air resulted in
secondary osclllations of high frequency, 1000 - 2000 cps.
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In actuating cylinder systems, it was theorized that the frequency
of the 1nitial pressure surge would lncrease as the mass load was
increased, due to the effect on system inductance. The trend was
indicated by experimental data, but complete analysis of the data
collected was not accomplished. The frequency of the bottoming
surge would be described by the same factors as in (g) above.

2.1.7 Theoretical studies of the initial pressure rise characteristics indi-
cated that the maximum rate of rise could approach infinity if an essentially
s8tep 1nput function was propagated down the line. In tests conducted on a
valve with low Interflow characteristics and fast valve opening rates, it was
found that the shape of the wavefront propagated down the tube approximated a
step function (Appendix I).

2.2 The Practical Significance of Pressure Surges

2.2.1 From analysis of existing and experimentally determined information and
data on the fatigue characteristics of hydraulic system components subjected to
pressure surges, 1t was found that the practical significance of pressure surges
was primarily in the magnitude of the maximum peak which occurred and the maximum
range of pressure variation. Comparison of fatigue data on tubing subjected to
pressure impulses without surges to fatigue data on the same type of tubing
subjected to pressure impulses with surge peaks indicated no significant differ-
ence in the 1life of the tubing for a given pressure ratio. Studies of availlable
records of pressure surge waveforms indicated that the range of fundamental
frequencies represented in the data was 30 - 130 cps. There was no apparent
effect on the fatigue 1ife of the tubing due to this variation in the fundamental
frequency. The range of impulse cycling rates represented in the data was

30 - 120 cpm. Here, also, no effect on fatigue 1ife was ascertalned. Analysis
of data obtalned on fatigue tests of 61S-T tubing subjected to high-frequency
oscillations (approximately 1400 cps) between 2100 and 4800 psi gave some indi-
cation that even this frequency did not appreciably affect the fatigue-strength
values of the material. ' ’

2.2.2 The range of fatigue l1life observed at a particular stress level was found
to be quite wide, even under closely controlled tests on selected samples. 1In
Ref. 4, Freudenthal has proposed that the distribution characteristics of fatigue
data can be represented by logarithmic-normal distributlion. Relatively good
correlation to this distribution was observed in the fatigue data obtained on
tublng. However, as was polnted out by Freudenthal, the establishment of the
lower 1limlt for design requilres that at least 20 or more samples be tested at a
particular stress level. The establishment of the modal point of the distribu-
tion, which can be used for correlatlion purposes, requlres that at least six
samples be tested. Consequently, to establish significant correlation as to the
effect of variations in the pressure surge waveform (1.e., frequency and
cumulative damage due to underdamped fundamental, secondary oscillations, etc.)
would have requlred considerably more experimental investigation than time per-
mitted in this research program. ~

2.2.3 Detalled studies of the data collected on 61S-T tubing subjected to
pressure I1mpulses indicated the presence of certaln parameters which effected
the fatigue life of individual samples. Results of these studies were as
follows:

(a) Tubing bends reduced the fatigue l1life. This was definitely established
by fatigue data on straight tubing and tubing with 90 deg bends. All
data were for tubing having one end fixed and one end free.

.

(b) Double-flared tubing seemed to possess greater susceptibility. to
fatigue fallure in the flare than single-flared tubing. This was
attributed to stress concentration which might have been accentuated
by the torques used to tighten the nut.

(e) There was some indication that proof-testing tubing with 90 deg bends
prlor to fatlgue tes*ing increased the fatigue life.

WADC TR52-37 5
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2.2.4 From an investigation by Marin and Shelson (Ref. 2) on 24S-T aluminum
alloy tubing, it was found that uniaxial fatigue-strength values, determined
by standard fatigue test methods, could not be used to predict fatlgue strength
under bilaxial stress conditions. Results obtalned in this investigation indi-

cated good agreement with Marln and Shelson.

2.2.5 Results of fatigue tests on various system components, other than tubing,
IndIcated the importance of stress concentrations in the component design. Due
to 1limited data, no attempt to establish stress concentratlion factors was made.
Since there was no established relationship between unlaxial fatigue-strength
values and biaxlal fatigue-strength values, simillar discrepancles might be
found in stress concentration factors under blaxial stress conditions. Fatigue
data on restrictor valves indicated that torques used to tighten fittings into
valve ports could reduce the fatigue 1life of the component. Faillures observed
in these tests occurred in the threaded sectlion of the port. Results of tests

on cylinder assemblies indicated that 1nitial cylinder failure occurs in the

packing installations. Establishment of data on the 1life expectancy of packing |
installations was consldered a field for future investigation. Teflon back-up

rings have exhibited characteristics which might increase the fatigue life of

packing glands over the conventlional leather back-up rings being presently used.

2.2.6 Since 1t has been indicated from analysis of fatigue data that the stress
range between the maximum and minimum pressures observed during a complete cycle
is the primary conslderatlion for design, the importance of high frequency
secondary oscillations 1in a hydraulic system becomes apparent. The frequency of
this secondary oscillation was found to be generally between 1000 - 2000 cps.
Consequently, experimental survey of the pressure surge characterilstics in an
actual aircraft hydraulic system demands instrumentatlion which responds accu-
rately at these high frequencies. 1In several instances durling the research
program, the introduction of a low-pressure relief valve (modified check valve)
in the system return was found an effective means of reducling the magnitude of
the secondary oscillation to an essentially negligible value. The significance
of this was that as long as alr remalned in solution wlth the fluld and vapor-
filled bubbles (cavities) were not formed, the occurrence of secondary high-
frequency oscillations was minimized.

WADC TR52-37 6
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CHAPTER III
THE NATURE OF PRESSURE SURGES

3.1 General

3.1.1 When the kinetlc energy of fluld in motion in a hydraulic system is
suddenly converted into potential (pressure) energy, the result is a surge of
pressure to an excessive or abnormal value followed by an underdamped pressure
oscillation. A surge of a similar nature might also be created in an actuating
cylinder dashpot or some other type of energy dissipating device 1f the kinetlc
energy of external dynamic forces is suddenly converted into pressure energy
within the component. The purpose of thils section of the investlgation was to
conduct theoretical and experimental studies to determine the effects of vari-
ous parameters on the magnitude, frequency, and rate of rise of these surges.

2.1.2 The investigation of pressure surges 1induced by energy within the
ydraulic system itself was divided into five parts as follows:

(a) Closed-end Tube Systems. These configurations offered a simple means
of studylng the effects of various system parameters.

(b) Actuating Cylinder Systems. These configurations were used to study
the effects of parameters common to actuating cylinder systems only.

(¢) Accumulators. Since an accumulator is the primary source of energy
for pressure surges arising in a hydraulic system when a valve 1s
opened rapidly, studies were made to determlne the effects of
parameters related to accumulators.

(a) Selector Valves. Since rapid operation of a selector valve 1s almost
- essentlal in producing pressure surges when the source of energy 1s
within the system itself, studles were made to determine the effect
of valve geometry and rate of valve opening.

” (e) ©Pumps. Since it 1s possible that a variable volume pump dlscharging
through a valve might cause pressure surges when the valve is rapidly
closed, studlies were made to determine the nature of these surges and
the effects of various system parameters on them.

3.1. Preasure surges induced 1n hydraullc systems by energy derived from ex-
ernal dynamic forces were given limited conslderation.

%.1.4 The hydraulic fluid used in the investigation conformed to Spec. MIL-0-5606.
ubling used 1n the test configurations, except return lines, conformed to
Spec. AMS ‘5566 for stainless steel tubing.

3.2 Closed-end Tube Systems

3.2.1 General Notes

3.2.1.1 The pressure surges studied in this part of the investigatlion were those
which occurred when a valve was rapidly opened allowing a pressurized system to
discharge into a low-pressure closed-end tube configuratlon. The basic hydraulic
system used for these tests is shown schematically in Fig. 1 and physically in
Fig. 2. The Denison valve (Model No. DD063513C) chosen for the experimental test
- work was selected primarily because it was designed for pressures up to 5000 psi
and because the valve spool could be easlily adapted to external actuation with
. controlled velocity. Variation of spool velocity was obtained by controlling
the flow characteristics in the pllot system.

3.2.1.2 From dimensional measurements of the valve spool and valve body, the
annulus area vs. spool displacement (Fig. 3) was calculated and the spool posi-
tion at which the valve porting started to open was determined. The relationship
between annulus area and spool displacement 18 described by the equation,
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A = 1.57X, - 0.68X> ¥ 1.57X, (3-1)

where

A = annulus area, in?
Xy = 8pool displacement measured from 1nitial opening position, 1in.

This relationship was valld for annulus areas up to 0.145 sq in., which was :
equivalent to the internal cross-sectional area of the test section, 1/2 in. OD '
x 0.035 in. wall tubing. Due to clearance between the spool and va&ve body the

minimum area at initlal opening of the valve porting was 7.86 x 10~ inZ2,

Further description of the valve is shown by the pressure drop-flow-displacement

(AP-Q-X) relationships in Fig. 3. The relationships were experimentally deter-

mined for steady-state flow conditions.

3.2.1.3 Simultaneous records of the pressure characteristics in the closed-end
tube system and of the Denison valve s8pool position were taken by photographing
the screens of two Aeroquip Hydrauliscopes (Model No. 10000A). One Hydrauliscope
received 1ts signal from an Aeroquip pressure transducer (Part No. 10050) at

the c¢losed end of the test section while the other Hydrauliscope received its
8ignal from a cantilever beam type position transducer attached to the valve
spool. The principle of thls type of poslition transducer is the measurement of
the strain in a deflected beam by means of electric resistance strain gages

and, since the strain 1s proportional to deflection up to the proportional

limit of the beam material, the calibration of the signal in terms of deflection.
Simultaneous recording was accompllshed by triggering the beams of both Hydrauli-
scopes from one common swltch whlch was actuated by a lever attached to the

pilot cylinder piston rod (Fig. 2). Synchronization of the two recorded traces
was established by momentarily interrupting the signals of both Hydrauliscopes

by the discharge of a condenser and by introducing reference timing traces

from a common oscillator source.

2.2.1.4 The general procedure followed for a specific test run was as follows:

(a) The test sectlion was bled of entrapped air and the Denison valve .
between the test section and the. energy source (accumulator and/or

system pump) was closed.

(p) The main system was charged to the desired pressure and the pilot
system was adjusted to give the desired Denlson valve spool velocity.

(e) The pllot system selector valve was operated at a uniform rapid rate
and simultaneous records of pressure and spool position were taken as

the Denlison valve opened.
(a) Records were made of the necessary reference traces.

%.2.1.5 Data reduction procedures used to convert experimental data into
e desired form for presentation were as follows:

(a) Valve opening rate (dA/dt or A) was obtalned by substitution of valve .
spool velocity (dx/dt) in Eq. 3-1. The second term in the exact
equation was small and could be neglected. Valve spool veloclty was .
determined from the slope of the position vs. time record.

(b) The peak pressure ratio (Pm/Po), herein identified as the ratio of
the maximum pressure of the initial surge to the nominal system -
pressure, was based on the system pressure as determined from the
mean between the envelope curves of the underdamped oscilllatory

pressure wave.
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Figure 1

SCHEMATIC DIAGRAM OF BASIC HYDRAULIC SYSTEM FOR INVESTIGATION
OF PRESSURE SURGES IN CLOSED-END TUBE SYSTEMS
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Figure 2 _
TEST APPARATUS FOR CLOSED-END TUBE SYSTEM TESTS
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Figure 3

PERTINENT DATA ON TEST VALVE (DENISON MODEL NO. DD063513C)

Note: Negative valve dlsplacement
represents overlap between

housing).

(@)
o
=

Hilt o

Valve Opening Area, in2

0.01

0.02

Valve Displacement, in.

valve spool and sleeve (1.e.

Pressure Drop, psi

Pressure Drop, psi

NG N

1 L

-1 1o

B Yy
L
e

NN TN
‘

H

0 0.01

Valve Displacement, in.

WADC TR52-37

30

11

SECURITY INFORMATION—RESTRICTED

4o

Flow, inJ-sec”

50
1




I

SECURITY INFORMATION—RESTRICTED

Figure 4

PEAK PRESSURE VS. VALVE OPENING RATE ,
CLOSED-END TUBE SYSTEM
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(¢) The logarithmic decrement (§) of the underdamped oscillatory pres-
sure wave was obtained by plotting the total amplitude between the
envelope curves agalnst peak number on semi-logarithmic graph paper
and then determining the logarithmic decrement from the slope of
this curve by means of the mathematlcal expression

5-_1 fnin (3-2) -
m - n Xm
where
S = logarithmic decrement
Xn = total amplitude between envelope curves at nth peak, record in.
Xm = total amplitude between envelope curves at mth peak, record in.

The logarithmic decrement was of significance because it indicated
the amount of damping 1n the system.

(d) The rate of pressure rise (p) was determined graphically from the
slope of the pressure vs. time record.

(e) The frequency (f) of the underdamped oscillatory pressure wave was
determined from the peaks and reference timing trace on the pressure

vs. time record.

3.2.2 Valve Opening Rate

3.2.2.1 The effect of valve opening rate was investigated by varying the
Denison valve spool velocity and studying the resulting pressure surges in a
closed-end tube. Specific teat conditions were as follows:

System pressure, 3000 psi.

Accumulator precharge air pressure, 1000 psl.
Pump discharge flow rate, 2 gpm.

Fluld temperature, 38 + 5 C (100 = 9 F).
Test section length, 96 in.

Valve opening rate, 1 - 30 in2-gsec-1,

HO QO TP

%.2.2.2 Results of the tests indlcated that the magnitude of the pressure
surge decreased rapildly as the valve opening rate was decreased (Fig. i),
while the logarithmic decrement of the underdamped oscillatory wave remained
relatively constant (Fig. 5). According to theory (Appendix I), if the
logarithmic decrement 18 small, the magnitude of the initial surge peak should
be approximately equal to two times the system pressure. From this 1t was
evident that the damping effective during the initlal pressure rise at slower
valve opening rates was considerably higher than that which was indicated by
the logarithmic decrement shown in Fig. 5.

3.2.2. A study of the pressure waveforms at various valve opening rates

(Tig. g) shows that the intersection point between the lower envelope of the
underdamped oscillatory pressure wave and the initial pressure rise occurs at

a higher pressure when the valve is opened more slowly. This intersection
point was theorized to be a falr approximation of the initlal pressure at the
start of the underdamped osclillatory pressure wave. When the inltlal pressure
(P41) at the start of the underdamped oscillatory wave was considered, the
modified peak pressure ratio (Py - Pi/Po - Pi) was approximately equal to two,
which was in agreement with theory. The characteristics of the pressure wave
below the described intersection point were those of an overdamped system.

The portion of the pressure rise curve between the described intersection point
and the point at which maximum rate of change 1n pressure rise occurs was
considered indicative of the effect of valve resistance Jjust after the valve
started to open. It can be observed in Fig. 6 that the difference between
these polnts increases as the valve opening rate decreases. The remaining
portion of the pressure rise curve was considered to represent the highly over-
damped condition prevalent during the lapped leakage range of valve travel.

WADC TR52-37 13
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Figure 5

VALVE OPENING RATE
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Figure 6

EFFECT OF VALVE OPENING RATE ON PRESSURE SURGE WAVEFORM
CLOSED-END TUBE SYSTEM
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Figure 7

AMPLITUDE VS. PEAK NUMBER FOR VARIOUS VALVE OPENING RATES
CLOSED END TUBE SYSTEM
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2.2.2.# Semi-logarithmic plots of amplitude vs. peak number for the records
shown In Fig. 6 indicated that the logarithmic decrement (slope of the plotted
curve) varied 8lightly with peak number as well as valve opening rate (Fig. 7).
This was attributed to the effect of turbulent damping and to the variation In
effective valve resistance wlth spool position.

3.2.2.5 1In order to establish the relationship between valve spool position
an e pressure characteristics in the hydraulic system, pressure transducers
(Statham Model No. PT4-10MG-350) were located at various points in the system
and simultaneous records of the pressure characteristics were made by photo-
graphing the traces on the screen of a dual-beam oscilloscope (Dumont Model

No. 279). By use of this instrument synchronous traces were obtalned and the
relationship between the pressures was evaluated from a reference timing trace.
Typical photographs of the pressure characteristics at various locatlons in
the system are shown in Fig. 8. The test section length used in these tests

was 192 in. -

3.2.2.6 From data obtained by the method described in Par. 3.2.2.5, the
following information was obtalned:

(a) When the Denison valve was opened, a pressure wave was sent down the
tube and the shape of the wavefront was determlined by the valve open-

ing rate.

(b) The time required for this wavefront to reach the closed end of the
tube was determined by the veloclity of wave propagation and the
length of the system.

(e¢) The magnitude of the pressure surge varied with locatlon in the
system, approximately as shown 1n Flg. 9.

(d) On the basis of time intervals between wave fronts and the system
length between pressure transducers, the vglocity of _wave propaga-
tion was found to be approximately 50 x 10~ 1n. sec-1,

(e) Although the exact relationship between spool position and the pres-
sure characteristics in the system was not definitely ascertained, a
study of the data seemed to substantiate the assumption that initial
opening of the valve porting was colncldent wlth the maximum rate of
change in the pressure rise curve adjJacent to the valve.

3.2.2.7 From Ref. 1, p. 170, the fundamental frequency of an underdamped pres-
sure oscillation in a closed-end tube system was found to be theoretically
represented, 1f the damping is low, by

K 1 1
f = _E = P e— (3-3)
8wl v Bep
where

f = fundamental frequency, cps

J = total system length between accumulator and closed end of_ tube, in.

u = velocity of wave propagation in oil filled tube, in. sec-1l

Ee = effective compressibility of oi& filled tube, psi-1

p = fluid mass density, 1lb-sec2-in-

Using the i1sothermal compressibility of the test configuratlion, whlch was deter-
mined experimentally, the fluid mass density / at 38 C (100 F) temperature and
3000 psi pressure;7, and the total system length between the accumulator and
the closed end of the tube, the fundamental frequency was calculated to be

fo 1 [ 1 _ 51.8 x 103 _ g5 ops
¥ x 132.5 (4.7 x 10-0)(79.4 x 107°) 530
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Figure 8

TYPICAL WAVEFRONT PROPAGATION AND RESULTING PRESSURE SURGES
AT VARIOUS LOCATIONS IN CLOSED-END TUBE SYSTEMS
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Figure 10

PEAK PRESSURE RATIO VS. VALVE OPENING RATE ,
AT VARIOUS SYSTEM PRESSURES
CLOSED-END TUBE SYSTEM
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The total system length included the length of the flow path through the valve
body as well as all fittings and tublng between the accumulator port and the
closed end of the pressure transducer. By using experimentally determined
values of 1sothermal compressibllity, the elasticitles of system elements such
as the pressure transducer were accounted for more readlly and the relationship
between the effective (or adiabatic) and isothermal compressibilities could be

correlated more accurately.

3.2.2.8 The average fundamental frequency measured from test records was

.5 cps. Variations of + 2 cps were observed, but these were considered with-
in the limits of data reduction accuracy. Using the average frequency from
the records, the effective compressibillity of the system was calculated to be
5.0 x 10-0 psi-1, Results of the tests do not verify the difference between
effective (adiabatic) compressibility and isothermal compressibility which was
obtalned in a previous investigation (Ref. 1, Fig. 120). This is more con-
clusively shown in the subsequent tests on closed-end tubes of varied lengths
(Par. %3.2.4). Further substantiation that the difference between the effective
and i1sothermal compressibilities was small 1s shown by comparison of the
velocity of wave propagation experimentally determined (Par. 3.2.2.6) to that
which was calculated in Par. 3.2.2.7. ’

3.2.% System Pressure

3.2.3.1 To study the effect of system pressure on pressure surges, tests were
conducted on a closed-end tube system under the following conditions:

System pressure, 600, 1200, 1800, 2400, and 3000 psi (Par. 3.2.2).
Accumulator precharge alr pressure, 1/3 of system pressure.

Pump discharge flow rate, 2 gpm.

Fluid temperature, 38 + 5 C (100 £ 9 F).

Test section length, 96 in.

Valve opening rate, 1 - 30 in2-sec-1.

HO OO TP

By using accumulator precharge air pressures of 1/3 system pressure, the per-
formance characteristics of the accumulator were essentially the same for the

various tests.

3.2.3.2 Comparison of the peak pressure ratio vs. valve opening rate curves at

erent system pressures indlcated that for a given valve opening rate higher
peak pressure ratlios occurred at the lower system pressures (Fig. 10). A study
of the logarithmic decrements of the underdamped oscillatory pressure waves
(Fig. 11) revealed no significant variation which would account for the fore-
mentioned differences in peak pressure ratios. This indicated that the damping
effective durlng the 1nitial pressure rise at a given valve opening rate in-
creased with system pressure. Since damping 1is a function of resistance and
since resistance 1s defined by the ratlo of the pressure differential to flow
rate (Appendix I, Eq. 20), a study of the curves in Fig. 3 will show that
higher peak pressure ratios were to be expected due to lower valve resistances
at the lower pressure differentials. For actual system analysis, however, the
Ap-Q-X relationships for dynamic flow conditions should be considered.

3.2.3. The relationship between the peak pressure ratio and the maximum rate

of pressure rise indicated that for a given peak pressure ratio the maximum rate
of pressure rise increased with system pressure (Fig. 12%. By cross-plotting
the data from Fig. 10 and 12 on logarithmic graph paper (Fig. lé) it was found
that the relationship betweén the maximum rate of pressure rise and valve
opening rate at a glven system pressure conformed reasonably well with the
general law of the form x = c¢y?, in which n was approximately equal to 1.

This indicates the effective damping during the initlal pressure rise to be
primarily due to valve resistance.

3-2-2-4 The fundamental frequency of the underdamped oscillatory pressure wave
was found to increase slightly with system pressure in the following manner:
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Figure 11

LOGARITHMIC DECREMENT VS. VALVE OPENING RATE
AT VARIOUS SYSTEM PRESSURES
CLOSED-END TUBE SYSTEM
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Flgure 12

PEAK PRESSURE RATIO VS. MAXIMUM RATE OF PRESSURE RISE
AT VARTIOUS SYSTEM PRESSURES
CLOSED-END TUBE SYSTEM

Peak Pressure Ratio

10°

Maximum Rate of Pressure Rise, psi-sec-1

Note: 96 in. test section length.
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Figure 13

MAXIMUM RATE OF PRESSURE RISE V3. VALVE OPENING RATE
AT VARIOUS SYSTEM PRESSURES
CLOSED-END TUBE SYSTEM
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System Pressure, psi Frequency of Fundamental Wave, cps
600 89.5
1200 92.2
1800 92.4
2400 93.3
3000 94 .5

The values shown are average for the test runs made at the specific system
pressures. The variation of frequency with pressure was attributed to the
effect of pressure on the compressibility and mass density of the hydraulic
fluid, the factors used to determine the velocity of wave propagation.

3.2.4 System Flow Rate

z.2.h.1 The effect of system flow rate was lnvestigated by studying the pressure
surges in a closed-end tube at various pump discharge flow rates both with and
without a system accumulator. Speciflic test conditlions were as follows:

System pressure, 3000 psi.

Accumulator precharge air pressure, 1000 psi.
Pump discharge flow rate, 2, 4, 8, and 16 gpm.
Fluid temperature, 38 * 5 C (100 + 9 F).

Test section length, 96 in.

Valve opening rate, 28 t 2 in2-sec-1,

HOQAOooP

Pump discharge flow rates up to 8 gpm were obtained by controlling the speed of
the constant displacement pump (Vickers Model No. PF-3911-25ZE) used in the basic
hydraulic system (Fig. 1). Pump discharge flow rates above 8 gpm were obtained
by use of the Laboratory test stand which had a manually controlled variable
displacement pump (Denison Model No. PA-172-570-B). All flows were adjusted to
the desired value at 3000 psi pump discharge pressure.

%.2.#.2 Tests conducted with the accumulator lnstalled in the system indicated
a e pump discharge flow rate had no appreciable effect on the magnitude of
the pressure surge (Fig. 14). 1In tests performed with no accumulator in the
system, the magnitude of The initial surge peak was low and was affected only
slightly by the pump discharge flow rate (Fig. 14). The significance of the
difference between the curves for the two different system pumps without the
system accumulator was in the volumetric difference in the pressurlzed systems.
A study of the characteristic form of the pressure wave which resulted when
there was no accumulator installed was that of an underdamped oscillatory pres-
sure wave superimposed upon a mean rate of pressure rise which varied with pump
discharge flow rate. Typical photographs of the characteristic waveform for the
systems using the two different pumps are shown in Fig. 15. For a clearer under-
standing of the characteristics of these waveforms, it 18 necessary to visualize
the pressure waveform which would result in the closed-end tube if no system
pump had been present at the time the valve was opened. 1In this case, the pres-
sure surge would have osclllated about a mean system pressure which was a
function of the initial pressures and volumes of the pressurized and unpressur-
ized reglons of the system. It was noted from the test records that the intercept
point between the mean pressure curve, determined from the envelopes of the
underdamped oscillation, and the initlal pressure rise were not appreciably
affected by the pump discharge flow rate.

2.4, The effect of pump discharge flow rate on the logarithmic decrement of

e underdamped pressure oscillation which occurred with an accumulator installed
in the system was negligible. The logarithmic decrement varied with valve
openling rate approximately as shown in Flg. 5. The determination of logarithmic
decrements from the underdamped pressure oscillations which occurred with no
accumulator installed in the system was rendered impractical due to the character-
istics of the waveform (Fig. 15).

3.2.4.4 Wwith the accumulator installed in the system, the frequency of the

fundamental pressure wave was not affected by the pump discharge flow rate. The
average frequency observed was essentlially the same as in Par. 2.2.2.8. With
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Figure 14

PEAK PRESSURE RATIO VS. PUMP DISCHARGE FLOW RATE
FOR CLOSED END TUBE SYSTEMS
WITH AND WITHOUT AN ACCUMULATOR
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Figure 15

CHARACTERISTICS OF PRESSURE SURGE WAVEFORM WITHOUT AN ACCUMULATOR
CLOSED-END TUBE SYSTEMS

Vickers Pump - 2 gpm Vickers Pump - 8 gpm

Notes:

Higher frequencies on waveform of Vickers
96 in. test section length.

pump were due to pump ripple
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Figure 16

PEAK PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS SYSTEM LENGTHS
CLOSED-END TUBE SYSTEMS
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no accumulator installed in the system, there were two or more frequencies
present (Fig. 15). The lower frequency, considered to be the fundamental,
appeared to be a function of system configuration, but did increase somewhat
with pump discharge flow rate. The higher frequencies appeared to be character-
istlc of the frequencles present in pump ripple. Data obtained from the records
on the two system configurations (Vickers pump and Denison pump) were as follows:

Pump Discharge Flow Frequency of Frequency of
TIdentification Rate, gpm Fundamental, cps Pump Ripple, cps .

Vickers 2 66 162
Vickers h 68 299
Vickers 8 70 608
Denison 1 30 259 ¢
Denison 2 El 259
Denison y 1 259
Denison 8 by 259
Denison 16 ho 259

3.2.5 System Length

%.2.5.1 Studles were made of the pressure surges which occurred in closed-end
ubes of various lengths under the following test conditions:

System pressure, 3000 psi.

Accumulator precharge air pressure, 1000 psi.

Pump discharge flow rate, 2 gpm.

Fluid temperature, 38 = 5 C (100 + 9 F).

Test section length, 24, 48, 9% (Par. 3.2.2), 144, and 192 in.
Valve opening rate, 1 - 30 in2-sec~!,

HO Q0o

For use in theoretical analysis, measurements were made of the system length,
system volume, and 1sothermal compressibllity of that portion of the system
between the accumulator and closed end of the tube. Pertinent data were as

follows:

Test Section Total System Total System Isothermal
Length, 1n. Length, 1in. Volume, in3 Compressibillity, psi
o 60.5 7.h 5.0 x 10‘2
48 84 .5 10.7 4.9 x 10‘6
96 132.5 17.5 4.7 x 10~ 6
14y 180.5 23.9 4.65 x 107

192 228.5 30.3 4.6 x 10~

Isothermal compressibility measurements did not include the valve, but the
error was consldered small.

3.2.5.2 The results of the tests indicated that the magnitude of the pressure
surge Increased with system length, the increase being greatest at the inter-
mediate valve opening rates (Fig. 16). Although lower surge peaks might have
been expected due to the increased damping assoclated with longer lines, 1t was
evident from the test results that the relative effect of valve resistance on
the total system damping during the initlal pressure rise was less on the

longer systems. Another way of visualizing this effect is to consider that for
a glven valve opening rate the leakage through the valve prior to actual opening
is essentlally constant. Consequently, the pressure buildup in the test section
prior to actual opening of the valve will be a function of the volume.

3.2.5.3 Studles of the logarithmic decrements of the underdamped oscillatory
pressure waves indicated the influence of the valve resistance on the total
system damping (Fig. 17). Semi-logarithmic plots of amplitude vs. peak number
at various valve opening rates on the 48 in. test section (Fig. 18) show how
influential the valve resistance became on the total system damping (indicated
by slope of curve) when the frequency of the fundamental pressure wave was high.

From the work accomplished thus far, it could be seen that one of the major prob-
lems in theoretical analysis of a thraulic system was that of adequately account-
ing for the effect of non-linear valve resistance on the total system damping.
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Figure 17

LOGARITHMIC DECREMENT VS. TEST SECTION LENGTH
FOR RAPID OPENING VALVE
CLOSED-END TUBE SYSTEMS
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Figure 18

AMPLITUDE VS. PEAK NUMBER FOR VARIOUS VALVE OPENING RATES
ON 48 IN. TEST SECTION
CLOSED-END TUBE SYSTEM
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Note: 48 in. test section length.
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Figure 19

FREQUENCY OF FUNDAMENTAL PRESSURE WAVE VS. VALVE OPENING RATE
FOR VARIOQUS TEST SECTION LENGTHS
CLOSED-END TUBE SYSTEMS
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Filgure 20

FREQUENCY OF FUNDAMENTAL PRESSURE WAVE VS. TOTAL SYSTEM LENGTH
CLOSED-END TUBE SYSTEMS '
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Note: Theoretical curve based on Eq. 3-3 and data in Par. 3.2.5.1.
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Figure 21

PERTINENT INFORMATION ON SYSTEM CONFIGURATION
FOR INVESTIGATION OF ORIFICES, CLOSED-END TUBE SYSTEM
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.2.5.4 The frequency of the fundamental pressure wave, measured from the test
records, was found to be relatively independent of valve opening rate (Fig. 19),
but varied with total system length as shown in Fig. 20. Comparison of theoreti-
cal values of frequency, calculated from Eq. 2&% and the data presented in Par.
3.2.5.1, to the experimental values (Fig. 20) dId not show any appreciable
difference. This seemed to indicate that The effective compressibility of the
system under dynamic conditions was approximately the same as the compressi-
bility of the system under isothermal conditions.

3.2.6 Orifices

3.2.6.1 The effect of orifices was investigated by locating orifices of various
sizes at different points in the system and studying the resulting pressure
surges in the closed-end tube. Specific test conditlions were as follows:

System pressure, 3000 psi.

Accumulator precharge alr pressure, 1000 psi.

Pump discharge flow rate, 2 gpm.

Fluid temperature, 38 + 5 C (100 # ? F).

Valve opening rate, 28 # 2 in2-sec~t.

Orifice dlameter, 0.50 - 0.20 in.

Orifice location, configuration A and configuration B (Fig. gl).

RHOQQOOM

Detalls of the basic orifice assembly and of the system configurations tested
are shown in Fig. 21. For these tests the two Hydrauliscopes (Par. 3.2.1.3)
were used to simultaneously record the pressures at two points in the system.
Valve opening rates within the described tolerance was established by the
controlled flow conditions in the pillot system.

3.2.6.2 Results of the tests indicated that orifice size (area) was very
effective in attenuating the magnitude of the surge peak at the closed end of
the tube (Fig. gg), especially when the orifice was located near the energy
source. Thls was due to the effect of orifice slize and locatlon on the total
system damping, indicated by the logarithmic decrement vs. orifice area plots

shown in Flg. 23.

2.2.6.% Using the experimental data on logarithmic decrements and the method
presented in Appendix I (Par. 7.1.3), the effective resistances of the various
orifices were evaluated. From basic equations, resistance is described by the

equatlon

R = AP | | (3-4)
Q
where
R = resistance, 1lb-sec-in-D
Ap = pressure dilfferential, 1b-1in-2
Q = flow rate, in3-sec-1

The equation for flow through a sharp-edged orifice is

Q = cho || 2R (3-5)
P

where

Q = flow rate, ind-sec-1

Ao= orifice area, 1in2

Ap = pressure differentlal across orifice, 1b-1in-2

p = mass density of fluid, lb-sec2-in-

¢ = discharge coefficient (including contraction and velocity coefficients)
WADC TR52-3T7 35
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Figure 22

PEAK PRESSURE RATIO VS. ORIFICE AREA
FOR TWO DIFFERENT ORIFICE LOCATIONS
CLOSED-END TUBE SYSTEM
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Figure 23
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Figure 24

EFFECTIVE ORIFICE RESISTANCE VS. ORIFICE AREA
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Assuming that the average pressure differential across the orifices, the dis-
charge coefficient, and the mass density of the fluld were nearly constant for
the tests conducted, Eq. 3-5 can be reduced to the general form of Q = KA-1,
which should give a straig line with a slope of -1 on logarithmic graph paper.
Plotting the effective resistance values obtalned from experimental data vs.
orifice area on logarithmic graph paper (Fig. 24) indicated that the assumption
made were reasonable. The developed relationshIps also show that the effective
resistance of a gilven orifice varles as the square root of the pressure differ-
ential across the orifice.

2.2.6.4 The frequency of the fundamental pressure wave was found to be relatively
constant even though the attenuation factor (&X) of the system was increased
appreciably. The average frequency observed was approximately the same as 1n

Par. 3.2.2.8.
3.2.7 Branch Circuits

3.2.7.1 The effect of branch circults on the pressure surges in closed-end tube
systems was investigated by conducting tests under the following conditions:

System pressure, 3000 psi.

Accumulator precharge alr pressure, 1000 psi.
Pump discharge flow rate, 2 gpm.

Fluid temperature, 38 + 5 C (100 '* ? F).
Valve opening rate, 3-30 1n2-gsec-i,

)  Branch circuit configurations, variable numbers of 1, 2, 3, and 4
branches of equal length é96 in. test sec¢tions), variable lengths on
dual branch circuits of 48 and 96 in., 9 and 144 in., 96 and 192 1in.,
and 48 and 192 in. test sections.

o0 op

For these tests a symmetrical manifold, with four ports located at 90 deg inter-
vals normal to the inlet port, was installed at the tee adjJacent to the Denison
valve (Fig. 1). The test sections were connected to bulkhead elbows in these
ports, such tThat the tubing was parallel, and bleed valves were located at the
closed end of each test section. With this configuration, the fluld followed
symmetrical flow paths to each test section.

%.2.7.2 Results of the tests on branch circults of varylng numbers of equal
eng test sections gave the following relationships:

(a) The magnitude of the surge peak decreased as the number of branches
was increased and as the valve opening rate was decreased (Fig. 25).

(b) The logarithmic decrement increased with the number of branches and
varied considerably with valve opening rate (Fig. 26).

(¢) The frequency of the fundamental pressure wave decreased as the number
of branches was increased, but remained relatively constant for vari-
ations of valve opening rate (Flg. 27).
3.2.7.3 The addition of two 90 deg bends in the flow path increased the loga-
r ¢ decrement of the single branch circuit (Fig. ), but this increase did
not appreciably effect the magnitude of the surge peak. This can be seen by
comparing the data in Fig. 4 and 25. The logarithmic decrement was found to
vary considerably with the Peak number (Fig. 28) as well as with valve opening
rate. Due to limited time, a complete analysis of the factors which influenced
the characteristics shown was not possible. Consideration of the equivalent
electrical analog of these parallel circults will show the complexity of the
problem.

3.2.7.4 A method was developed in Appendix I, Par. 3.4, which provided a
means for predicting the approximate frequency of the fundamental wave for
varying numbers of equal length branches., A comparison of actual test results
to values calculated by the developed relationships 1s given in the following

table:
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Figure 25

PEAK PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS NUMBERS OF EQUAL LENGTH BRANCHES
CLOSED-END TUBE SYSTEMS
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Flgure 26

LOGARITHMIC DECREMENT VS. VALVE OPENING RATE
FOR VARIOUS NUMBERS OF EQUAL LENGTH BRANCHES
CLOSED-END TUBE SYSTEMS
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Figure 27

FREQUENCY OF FUNDAMENTAL PRESSURE WAVE VS. VALVE OPENING RATE
FOR VARIOUS NUMBERS OF EQUAL LENGTH BRANCHES
CLOSED-END TUBE SYSTEMS
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Figure 28

AMPLITUDE VS. PEAK NUMBER FOR VARIOUS VALVE OPENING RATES
ON A BRANCH CIRCUIT OF TWO EQUAL LENGTH BRANCHES
CLOSED-END TUBE SYSTEM
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Figure 29

TYPICAL PRESSURE SURGE WAVEFORMS AT CLOSED ENDS
OF UNEQUAL LENGTH DUAL BRANCHES - CLOSED-END TUBE SYSTEM
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Calculated
Number of Branches Actual PFrequency, cps Frequency, cps
1 92 92
2 8 89
E 7 82
69 73

3.2.7.5 In the tests on a closed-end tube system wlth two unequal length
ranches, the following significant data were obtalned:

(a) The shape of the waveform recorded at the closed end of the longer
branch was very similar to the waveform of a single branch of the
same length. The shape of the waveform at the closed end of the
shorter llne was distorted and appeared to be a combination of the
wave forms produced in each of the individual lines when not in a
parallel circult. Typical photographs of the observed waveforms
are shown in Flg. 29. The shape of the waveform recorded at the
manifold was very sImilar to the distorted waveform observed at the
closed end of the shorter branch.

(b) The magnitude of the pressure surge at the closed end of the longer
branch was greater for all configurations tested. The maximum peak
of the pressure surge in the shorter line did not necessarily occur
on the initial rise (Fig. 29). A comparison of the peak pressure
ratios at the closed ends of the branches are shown for two differ-
ent valve opening rates in the following table:

‘ Test Section Tengehs | valve ogentns, | (suded on Heximn Feu
A in. (£10 percent) | short Branch| Long Branch
" A 1y |

9% and 144 gg %:g; g:gg

% and 192 o wE 2.2

48 and 192 gg %:ﬁg %:gg

3.2.8 Temperature

g.2.8.1 The effect of temperature on pressure surges in a closed-end tube was’
nvestigated by studylng the resulting pressure waveforms under the following

‘ conditions:
a System pressure, 3000 psi.
» b Accumulator precharge air pressure, 1000 psi.
c) Pump discharge flow rate, 2 gpm.
* d Fluld temperature, 71 C to -54 C (160 F to -65 F).
e Test section length, 48, 96, and 144 in.
f Valve opening rate, U4-30 in2-sec-1,
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Figure 30

PEAK PRESSURE RATIO VS. TEMPERATURE
FOR VARIOUS SYSTEM LENGTHS
CLOSED-END TUBE SYSTEMS
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For these tests, the basic hydraulic system (Fig. l), except the pllot system,
was set up in an insulated room with controlled temperature regulation. To
facilitate control from outside the room, the bleed valve at the closed end of
the test section and system by-pass valves (as required) were replaced by
solenoid operated shutoff valves. Temperatures of the fluid in the test
section and at other locations in the system were determined by thermocouples
and a direct-reading temperature recorder. To ensure uniformity of temperature
in the test system during a specific test run, the general procedure described
in Par. 3.2.1.4 was modified to the following:

(a) With the pumps off, the system was stabilized at a temperature some-
what below the desired temperature.

(b) With the Denison valve, the main system by-pass valve, and the bleed
valve at the closed end of the test sectlon open, fluld was circulated
through the system until the desired temperature was approximately
obtained. During this period the pilot system was adjusted to give
the desired Denlison valve spool velocity.

(e¢) The valves were then closed and the main system was charged to the
desired pressure.

(d) The pilot system selector valve was operated at a uniform rapid rate
and simultaneous records of pressure and spool position were taken
as the Denison valve opened. Temperatures were automatically re-
corded as the test run was made.

(e) Records of the necessary reference traces were made on the Hydrauli-
scope photographs.

(£) The test run was made as rapidly as possible to minimize fluid
temperature increases,

2.2.8.2 Results of the tests indicated that the magnitude of the pressure
surge In a gilven system remalned relatively constant for temperatures above
0°C (32 F), but decreased at an increasing rate as the temperature was lowered
(Fig. 30). Increases in system length resulted in higher peak pressure ratios
at all Temperatures, as shown in Fig. 30. The total system damplng increased
rapidly at low temperatures as is indicated by the logarithmic decrement vs.
temperature plot shown in Fig. 31. Analysis of the data gave some indication
that the total system damping increased linearly with the kinematilc viscosity
of the fluid, but further investigation would be required to establish an
exact relationship.

2.2.8.2 It was originally anticipated that logarithmic decrement vs. total
system length plots of data obtalned at various temperatures would result in
straight-line relationships, the slope of which could be used to determine .
tubing resistance values. This did not prove to be the case due to the relative
manner in which valve resistance and tubing resistance combined. Attempts to
separate these resistances gave unsatisfactory values and indicated the need

for further investigation.

.2.8.4 A comparison of the peak pressure ratio vs. valve opening rate relation-
ships on the in. test section at 38 C (107 F) and -54 C (-65 F) indicated
that changes in valve opening rate became less effective at lower temperatures

(Fig. 32).

%.2.8.5 The frequency of the fundamental pressure wave 1increased as the
emperature was decreased (Fig. 22), but correlation between theoretical and
experimental values was not as good as had been expected. The theoretlcal
curves were calculated using Eq. 3-3 and data as follows:

(a) The effective compressibility factors for each system length at 38 C
(100 F) temperature was determined from the experimental curve in
Fig. 20. These factors were assumed to be more exact than the iso-
thermal compressibility factors presented in Par. 3.2.5.1. Temperature
corrections were made using information shown in Ref. 1, Fig. 45,
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Figure 31

LOGARITHMIC DECREMENT VS. TEMPERATURE
CLOSED-END TUBE SYSTEM
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Figure 32

PEAK PRESSURE RATIO VS. VALVE OPENING RATE
AT 38 C AND -54% C TEMPERATURES
CLOSED-END TUBE SYSTEM
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Figure 33

FREQUENCY OF FUNDAMENTAL PRESSURE WAVE VS. TEMPERATURE
FOR VARIOUS SYSTEM LENGTHS
CLOSED-END TUBE SYSTEMS
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Note: Theoreticdl curves calculated as described in Par. 3.2.8.5.
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(1) The fluild mass density at various temperatures was obtained from
Ref. 1, Fig. 3.

(c¢) Total system lengths were the same as presented in Par. 3.2.5.1.

Comparison of the actual system configuration used in these tests with that
used in experimental work in Par. 3.2.5 indicated that the system configurations
between the accumulator and pump were not identical. The significance of this
was not definltely ascertained, but 1t seemed possible that a branch effect on
the pressurized side of the valve might have caused the frequency variations
shown 1in Fig. 33.

.2.8.6 Failure of the Vickers accumulator diaphragm occurred during the -54 C
i 65 F) temperature tests, but most of the scheduled test runs had been made.
Supplementary data avallable from the tests conducted with a pilston type
accumulator installed in the system (Par. 3.4.5) indicated no significant
difference in test results for the runs made prior to failure of the dlaphragm.

3.2.9 Entrained Alr

3.2.9.1 Although no specific tests were conducted to determine the effect of
entrained alr on pressure surges in hydraulic systems, certain significant
information and data relevant to the parameter were obtalned during the course
of the research program,

3.2.9.2 At the start of the experimental work on closed-end tube systems,
secondary high-frequency osclllations were observed on the fundamental pressure
surge waveform (Fig. 2& when the Denlson valve was actuated rapidly. These
were attributed to the collapse of aerated oll present in the valve body, as
system pressure was applled to the test section. Although it 1s difficult to
distinguish between cavitation and the collapse of entralned air, an examination
of the o1l contained in the valve body revealed a high content of air, especially
after several rapid valve cycles. The installation of a check valve in the
system return line (Fig. 1), which maintained a positive 20 psi static head on
the Denison valve and test section, reduced the magnitude of the oscillation

and made possible good reproducibllity of a smooth fundamental waveform.

3.2.9. While a method was established to reduce the magnitude of, or-essen-
ally eliminate, the secondary oscillatlon, a search was undertaken to determine
if the frequency of this osclllation was effected by variations in the basic
system configuration. Observations and/or records were made for each of the
following system changes:
(a) Test sectlion lengths, 48, 96, and 192 in.

(b) Branch line lengths to bleed valve at closed end of test section,
capped, 4 in., and 16 in. .

(e) Pressure transducer attachment confiéuration, straight into test
: section, 45 deg to test section, 90 deg to test section. - .

(d) Pressure transducer, Aeroquip No. 10050 (two transducers), Aeroquip
No. 10030, Statham Model P74-5MG-350.

(e) {stem pressure, 600 and 1200 psi (with 200 psi accumulator precharge
r pressure 1ln both cases

(f) System flow rate, accumulator only (shutoff valve, Fig. 1, closed) and
accumulator and system pump.

(g) Line length from Denison valve to accumulator, 12 in. and 3 1in.

(h)  Accumulator, Vickers (Model No. AA- 1&307A) diaphragm type and Bendix
(Part No. 409201) piston type.

(1) Selector valve, Denison slide valve and Bendix (Part No. 405883)
poppet valve. Both valves were 4-way, closed center, type.
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Figure 34

TYPICAL PRESSURE SURGE WAVEFORMS SHOWING SECONDARY HIGH-FREQUENCY
OSCILLATIONS ATTRIBUTED TO ENTRAINED AIR
CLOSED-END TUBE SYSTEMS

Secondary High-Frequency Oscilllations
Observed Durlng Initial Experimental
Work on Closed-end Tube Systems

Secondary High-frequency Oscillations
Observed Durling Fatigue Test
Work on Tubing

Secondary High-Frequency Oscillations
Observed During Fatligue Test e SR
Work on Cylinder Assemblies T WA .
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(J) Test section location, cylinder port A and cylinder port B on
Denison valve.

(k) Hose installed between 96 in. test section and pressure transducer.
Hose was approximately 12 1in. long.

The secondary frequencies observed and/or recorded ranged between 1000 and 1800
cps8, but no definite correlation with any system configuration could be estab-
lished because this scatter also occurred with a given system conflguration.

2.2.9.4 During the course of experimental fatigue tests on hydraulic system
components (Chapter IV), secondary frequencies of the described nature were
observed even though the system configuration was greatly different. Two
typical waveforms observed during the course of this fatigue test work are also
shown in Fig. 34. The secondary frequency observed on the tubing test configu-
ration was 1215 cps and the magnitude was essentially eliminated by the same
technlique as was described in Par. 3.2.9.2. The secondary frequency observed
on the cylinder test configuration was 1200 c¢ps and appeared to be an under-
damped high-frequency oscillation superimposed on the fundamental pressure wave.
The secondary frequency on the cylinder test configuration existed even though
the check valve was 1nstalled 1n the system return. It 1s possible that a
higher positive return line pressure might have reduced the magnlitude, but no
investigation was made. :

.2.9.5 Studies of the pump ripple characteristics of a Vickers constant dis-
placement pump under cavitation conditions (Fig. 85), used by the Glenn L. Martin
Company in fatligue test work on tubing, indicated the presence of a secondary
frequency of 1400 - 1500 cps. With an inlet pressure of one atmosphere, the
ripple characteristics of the same pump, in a typical aircraft hydraulic system,
were observed to contain a secondary frequency of 1400 cps, but the total ampli-
tude of the osclllation was reduced to approximately one-fifth of that shown in

Fig. 85.

2.2.9.6 From these data and information 1t appeared that the following signifi-
can acts could be establlshed:

(a) The presence of alr in a hydraulic system usually resulted in a
secondary frequency 1n the 1000 - 2000 c¢ps range.

(b) The magnitude of this secondary oscillation was a function of the
quantity of ailr present.

(e) Sub-atmospheric pressures were usually assoclated with the greater
magnitudes of the secondary oscillation. This was probably due to
the formation of air bubbles at pressures below one atmosphere when
the fluid was considered 100 percent air saturated at one atmosphere
and/or the formation of vapor-filled bubbles (cavities) at the fluid's
vapor pressure, and the subsequent collapse of elther upon passing into
a high-pressure zone.

(a) Variations in the frequency of the secondary oscillation were practi-

cally independent of system configuration. These variations might
have been due to the effect of quantity or size of alr bubbles present.

3.3 Actuating Cylinder Systems

3.3.1 General Notes

3.3.1.1 The pressure surges studled in this part of the investigation were those
which occurred in an actuating cylinder when a valve was rapldly opened allowing
a pressurized system to actuate the piston. To faclilitate the theoretical in-
vestigation, parameters such as cylinder volume, system pressure, and system
flow rate were studled on a bottomed cylinder configuration. The effect of
opposing external loads (mass loads and simulated air loads) and of return line
restriction were studled on a simple actuating cylinder system.
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Flgure 35

SCHEMATIC DIAGRAM OF SYSTEM CONFIGURATIONS
FOR INVESTIGATION OF PRESSURE SURGES
IN ACTUATING CYLINDER SYSTEMS
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.3.1.2 The apparatus and general procedure used for the tests conducted on

the bottomed cylinder configuratlons were the same as described in Par. 2.2.1,
except that a bottomed cylinder was installed at the end of a 96 in. tes

~section (Fig. 35). The bottomed cglinder was simulated by a piston type

accumulator (Contractor part No. 161-58095) with the air valve removed and
with internal spacers to provide the deslred cylinder capacity. The use of
this accumulator, designed for a 12,000 psi burst pressure, eliminated the
necessity for designing a specilal cylinder and provided an adequate safety
factor on the expected surge peaks.

3.1, The basic hydraulic system used for the loaded cylinder configuration
was e same as shown in Fig. 1, except that a specially designed balanced
cylinder with a net area of approximately one square inch and a stroke of
1-1/2 in. was installed at the end of a 96 in. test sectlion. This actuating
cylinder and the basic loading devices are shown physically in Fig. QQ and
schematically in Fig. 35. Instrumentation for these tests consisted of the

followlng:

(a) Pressure transducers, Statham Model No. P74-10MG-350 and No.
P74-5MG-350, for measuring the pressure on each side of the piston.

(v) Position transducers, one on the selector valve spool (cantilever
beam type) and one on the test cylinder piston rod (slide wire type).

(e) A force transducer, straln gage type, for measuring external forces.

(d) Oscillograph recorder, galvanometef type with six or more channels,
for recording data.

(e) An Aeroquip Hydrauliscope (Model No. 10000A) and assoclated pressure
transducer (Model No. 10050) for observing high frequency character-
1stics in the pressure waveform.

3.2.1.4 The general test procedure followed for a specific test run on the '
oaded cylinder configuratlon was as follows:

(a) The desired load configuration was applied to the cylinder.

(b) The hydraulic system and test cylinder were bled of entrapped air,
and the Denison valve between the energy source (accumulator and/or
system pump) and the cylinder was closed.

(e) The main system was charged to the desired pressure and the pllot
system was adjusted to glve the desired Denison valve spool velocity.

(d) The pllot system selector valve was operated at a uniform rapid rate
and oscillograph records of pertinent data were taken as the Denlson
valve opened.

(e) Records were made of the necessary reference and calibration traces.

3.3.1.5 All tests in this part of the investigation were conducted with fluid
at a temperature of 38 + 5 C (100 £+ 9 F).

3.3.2 Cylinder Volume

2.%.2.1 To study the effect of cylinder volume on pressure surges in an
actuatling cylinder, tests were conducted on a bottomed cylinder configuration

under the followlng condiltions:

a System pressure, 3000 psli.
b Accumulator precharge alr pressure, 1000 psi.
c Pump discharge flow rate, 2 gpm.
d) Nominal cylinder volume, O, 42, 90, 135, 180 in3.
e Valve opening rate, 2 - 30 inZ2-sec-1,
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Figure 37

PEAK PRESSURE RATIO VS. VALVE OPENING RATE-
FOR VARIOUS VOLUMES IN A BOTTOMED CYLINDER
ACTUATING CYLINDER SYSTEMS
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Note: 96 in. test section length
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Figure 38

LOGARITHMIC DECREMENT VS. VALVE OPENING RATE
FOR VARIOUS VOLUMES IN A BOTTOMED CYLINDER
ACTUATING CYLINDER SYSTEMS
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Notes: 96 in. test section length.
Logarithmic decrement based on first two peaks of pressure
oscillation.
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Measurements of system length, system volume, and isothermal compressibility
of that portion of the system between the accumulator and the closed end of
the pressure transducer gave the following:

Nominal Cylinder Total System Total System Isothermal
Volume, inJ Volume, inJ Length, in, Compressibility, psi‘1

0 20 132.5 12.2 x 10-6

45 63 132.5 6.4 x 10-6

90 106 132.5 5.9 x 10-0

135 150 132.5 5.3 x 10-6

180 195 132.5 5.9 x 10-6

3.3.2.2 The effect of cylinder volume at the end of a closed-end system was
To reduce the magnitude of the pressure surge, the effective reduction
becoming less as the valve opening rate was decreased (Fig. 21). As was
observed in experimental work on closed-end tube systems, the effect of the
valve resistance on the system damping during the initial pressure rise
became of Ilmportance at the slower valve opening rates.

3.3.2.,3 Studies of the logarithmic decrement of the underdamped oscillatory
pressure waves Indicated a decrease of the logarithmic decrement at slower
valve opening rates, but indicated an overall ilncrease in the logarithmic
decrement as the cylinder volume was increased (Fig. 38). Semi-logarithmic
plots of amplitude vs. peak number gave essentially straight lines for all
valve opening rates and cylinder volumes tested.

3.3.2.4 The frequency of the fundamental pressure wave was found to be
Independent of valve opening rate, but decreased with system volume as shown
in Fig. 39. Using the data presented in Par. 3.3.2.1 and the theoretical
equation (Eq. 59) developed in Appendix I, calculations of the ‘theoretical
frequency were made. These calculations compared favorably with the
experimental values (Fig. 39).

3.3.3 System Pressure

2.%.3.1 The effect of system pressure on the pressure surges in a bottomed
cylInder configuration were studled under the following conditions:

(a) System pressure, 600, 1200, 1800, 2400, and 3000 psi (Par. 3.3.2).
(b) Accumulator precharge air pressure, 1/3 of system pressure.

(¢) Pump discharge flow rate, 2 gpm.

(d4) Nominal cylinder volume, 180 inJ, ,

(e) Valve opening rate, 2-30 in2-sec-l.

J3.%.3.2 The peak pressure ratio vs. valve opening rate relationships at
various system pressures indicated that lower peak pressure ratios were
obtained at the higher system pressures (Fig. ﬂg). The varlation of the
peak pressure ratio with valve openling rate was less than had been observed
in the tests on a closed-end tube (Par. 2.2.2). This was attributed to a
more constant relative effect of valve resistance on the total system
damping 1n the bottomed cylinder ccaflguration.
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Figure 39

FREQUENCY OF FUNDAMENTAL PRESSURE WAVE VS. SYSTEM VOLUME
FOR A BOTTOMED CYLINDER CONFIGURATION
ACTUATING CYLINDER TESTS
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Note: Theoretical curve based on Eq. 59, Appendix I, and data in -
Par. 3.3.2.1. = .
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Figure 40

PEAX PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS SYSTEM PRESSURES
IN A BOTTOMED CYLINDER CONFIGURATION
ACTUATING CYLINDER TESTS
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Note: 96 in. test sectlon length.
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Figure 41

LOGARITHMIC DECREMENT VS. VALVE OPENING RATE
FOR VARIOUS SYSTEM PRESSURES
IN A BOTTOMED CYLINDER CONFIGURATION
ACTUATING CYLINDER TESTS
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Notes: 96 in. test section length.
Logarithmic decrement based on first two peaks of pressure
oscillation.
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JeBeded Studles of the logarithmlc decrements of the underdamped oscillatory
pressure waves Indicated that the logarithmic¢ decrement increased with higher
system pressure and decreased with slower valve opening rate (Fig. 41). Semi-
logarithmic plots of amplitude vs. peak number gave essentially straight lines
for all system pressures and valve opening rates tested.

3.3.3.4 The frequency of the fundamental pressure wave increased from an average
of 18.% cps at 600 psi system pressure to an average of 19.5 cps at 3000 psi.
Although this variation was small, the trend was definltely observed, This
slight variation was attrdbuted primarily to the effect of system pressure on the
effective compressibility of the system.

3.3.3.5 Additional tests were conducted with the accumulator removed from the
system. Under these conditions, the waveform of pressure rise was characterized
by a rapld rise to an initial step pressure, followed by a slow pressure rise to
system pressure (Fig. 42). The initial step pressure was a function of the
initial pressures and volumes of the pressurized and unpressurlzed sectionsof the
system. As was polnted out in Par, 3.2.3.2, the effect of the system pump must
be added to the pressure wave form which would occur if the pump were not
present. The time delay at the step was attributed to the response character-
istics of the system pump and pressure relief valve. The slope of the pressure
rise following the initial step was a function of the pump discharge flow rate
and the system capacitance (BoV, in which Be 1s the effective compressibility

of the system and V 1s the to%al system volume),

3.3.4 System Flow Rate

3.3.4.1 The effects of system flow rate on the pressure surges in a bottomed
cylinder configuration were studied by tests conducted at various pump discharge
flow rates both with and without a system accumulator. Specific test conditions
were as follows:

System pressure, 3000 psi.

Accumulator precharge air pressure, 1000 psi.
Pump discharge flow rate, 2, 4, 8, and 16 gpm.
Nominal cylinder volume, 180 in3.

Valve opening rate, 2-30 in2-sec-1l.

OO0 0P

The desired flow rates were obtained as described in Par. 3.2.4.1.

3.,3.4.2 With an accumulator installed in the system, the effect of pump
diIscharge flow rate on the magnitude of the peak pressure was negligible

(Fig. 52). Studies of the logarithmic decrements of the underdamped osclllatorv
pressure waves indicated no significant differences attrlbutable to the pump
discharge flow rate (Fig. 44). The frequency of the fundamental wave remained
at 19.5 £ 0.2 cps over the range of pump dlischarge flow rates tested.

3.3.4.3 With the accumulator removed from the system, the characteristics of

e pressure rise waveform were similar to those shown in Fig. 42. The rapid
rise to the initial step pressure and the magnitude of the initIal step pressure
remained approximately the same for all pump discharge flow rates using the
Vickers pump. The slope of the pressure rise following the 1nitial step
increased directly with the pump discharge flow rate. For equivalent flow rates
on the Denlson pump, the slope of the pressure rise following the initlal step
was essentlally the same as for the Vickers pump, but the magnitude of the
initial step pressure was greater., This was attributed to the volumetric
difference 1n the pressurized sections of the two different systems. Typical
photographs of the pressure rise characteristics using the Vickers and Denison
pump systems are shown in Fig. 45 for comparison.

3.3.5 Mass Load

3.3.5.1 The effect of mass load on the pressure surges in an actuating cylinder
was investigated by studying the resulting pressure waveforms under the
following test conditilons:
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" Figure 42

TYPICAL PRESSURE WAVEFORMS ON A BOTTOMED CYLINDER CONFIGURATION
- ACTUATING CYLINDER SYSTEMS WITH AND WITHOUT AN ACCUMULATOR

System With Accumulator

System Without Accumulator

Note: Pressure characterlstics at inlet port of bottomed cylinder.
Test section length between valve and cylinder, 96 in.
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Figure 43

PEAK PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS PUMP DISCHARGE FLOW RATES
‘ IN A BOTTOMED CYLINDER CONFIGURATION
ACTUATING CYLINDER SYSTEM WITH AN ACCUMULATOR
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. Note: 96 in. test section length.
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Figure 4%

LOGARITHMIC DECREMENT VS. VALVE OPENING RATE
FOR VARIOUS PUMP DISCHARGE FLOW RATES
IN A BOTTOMED CYLINDER CONFIGURATION
ACTUATING CYLINDER SYSTEM WITH AN ACCUMULATOR
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Notes: 96 in. test section length.
Logarithmic decrement based on first two peaks of pressure

osclillation.
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Figure 45

TYPICAL PRESSURE WAVEFORMS IN A BOTTOMED CYLINDER CONFIGURATION,
SHOWING EFFECT OF VOLUMETRIC DIFFERENCE IN PRESSURIZED SECTION OF SYSTEM
ACTUATING CYLINDER SYSTEM WITHOUT AN ACCUMULATOR

Vickers Pump 8 gpm, Vickers Pump

8 gpm, Denison Pump 16 gpm, Denison Pump

Notes: 96 in. test section length.
Valve opening rate, 27 £ 1 anz-sec"l
Sweep speed of the signal trace was the same in all photographs.

Foag
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Figure 46

TYPICAL PRESSURE WAVEFORMS IN A MASS-LOADED
ACTUATING CYLINDER SYSTEM WITH AN ACCUMULATOR
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System pressure, 3000 psi.

Accumulator precharge alr pressure, 1000 psi.

System flow conditions, accumulator in (pump discharge flow rate,

2 gpm), pump discharge flow rates (accumulator out) of 2, 4, 8, and

16 gpm.

|

gdg Valve opening rate, 3-3%0 in2-sec-1l,

ooP

e Mass load conditions, "dead welght" loads from 60 to 420 1b.
Opposing loads were applied to the cylinder by means of dead weight on a
welght pan connected to the lower end of the piston rod (Fig. jé . Sultable
stops were installed such that the sudden deceleration of the welght was
prevented from damaging the test cylinder or instrumentation, For these tests,
the force transducer was placed at Location 2, Fig. 35, Tare weight of the
moving parts of the test cylinder configuration (i.e., piston and rod, weight
pan, fittings, etec.) was 10 1b.

3.3.5.2 In preliminary test runs with the return port of the test cylinder
connected to the Denison valve, it was found that the resistance of the system
return line had an appreclable effect on the test results. To facllitate
theoretical analysis, it was deemed advisable to minimize this effect, and the
return port of the test cylinder was left open to atmosphere.

5¢3.5.3 With the accumulator installed in the system, the pressure waveform
In the cylinder was characterized by two pressure surges, one when the mass
load was accelerated and another when the piston reached the end of its stroke.
Typlcal osclllograph records of the waveform are shown in Fig. EQ. Results of
the tests indicated that the effect of mass load on the magnitude of the
initial pressure surge was very great, especially at fast valve opening rates
(Fig. 47). The data shown in Fig. 47 were determined from cross-plots of
original data taken from oscillograph records. This was done to obtain more
presentable data at constant values of unit loading (i.e., "dead-welght" load
per unit of piston area). The peak pressure ratios were determined from the
maximum pressure of the initial surge and from the system pressure at the end
of the test run.

3.3.5.4 Studies of the oscillograph records for fast valve opening rates
Indicated that the mass was suddenly accelerated by the energy of the pressure
wavefront and then accelerated again as the fluid flow from the accumulator
became effective. This was shown on the position vs, time trace of the
position transducer on the piston of the test cylinder (Fig. 46). The
magnitude of the pressure surge which occurred when the piston bottomed was a
function of the fluid velocity in the cylinder and system as will be shown in
Par. 3.3.6.2. The effect of mass load on piston velocity was to reduce the
velocity as the mass load was increased (Fig. 48). With the accumulator
removed from the system, the magnitude of the Tnitial pressure surge was found
to increase rapidly with increases in mass loading (Fig. 49). The magnitude
of the pressure surge was found to increase with pump discharge flow rate in
about the same proportion as was observed in similar investigation on closed-
end tubes (Par. 3.2.4 and Fig. 14). This indicated that the magnitude of

the inltial pressure surge was dependent upon the energy of the compressed
fluid in the pressurized system and not upon the energy derived from the pump
output. By studying the typlcal oscillograph records shown in Fig. 50, 1t
will be noted that the mean pressure of the underdamped oscillatory wave drops
rapldly with piston displacement, which was indicative that the pressurized
system was discharging. :

3:3.5.5 A complete analysis of the effect of mass load on the frequency of
the initial pressure surge was not made, but it was noted that lower
frequencles were associated with the lower mass loads. This was in agreement
with the theory developed in Appendix I, Par, 3.5. The frequency of the
bottoming surge with the accumulator installed was essentially the same as for
a 96 in. test section in the closed-end tube system (Par. 3.2.2.8).
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Figure 47

INITIAL PEAK PRESSURE RATIO VS. VALVE OPENING
RATE FOR VARIOUS WEIGHT (MASS) LOADS
ACTUATING CYLINDER SYSTEM WITH AN ACCUMULATOR
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Figure 48

PISTON VELOCITY VS. APPLIED WEIGHT LOAD
WITH AND WITHOUT AN ACCUMULATOR
ACTUATING CYLINDER SYSTEMS

Piston Velocity, in-sec-l
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Applied Welght Load, Lb Per Unit Piston Area

Notes: Valve opening rate, 28 = 2 1n°-gec™l,

Pump discharge flow rate, 2 gpm.
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Figure 49

INITTAL PEAK PRESSURE RATIO VS. VALVE OPENING
RATE FOR VARIOUS WEIGHT (MASS) LOADS
ACTUATING CYLINDER SYSTEM WITHOUT AN ACCUMULATOR
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Note: Difference in curves at 600 1b unit weight load was due primarily
to volumetric difference in pressurlzed section of test system

(Par. 3.2.4.2).
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Figure 50

TYPICAL PRESSURE WAVEFORMS IN A MASS-LOADED

ACTUATING CYLINDER SYSTEM WITHOUT AN ACCUMULATOR
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Figure 51

INITIAL PEAK PRESSURE RATIO VS.
APPLIED AIR LOAD FOR ACTUATING CYLINDER
SYSTEMS WITH AND WITHOUT AN ACCUMULATOR
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Difference in initial peak pressure ratlos at 16 gpm pump discharge
flow rate was due primarily to volumetric difference in pressurized i

section of test system (Par. 3.2.%4.2).
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%.%3.,6 Ailr Load

3.%.6.1 The effect of air 1load on the pressure surges 1n an actuating
cylinder was investigated by studying the resulting pressure waveforms under

the following conditions:

b Accumulator precharge alr pressure, 1000 psi.
c System flow conditions, accumulator in (pump discharge flow rate, .
26gpm), pump discharge flow rates (accumulator out) of 2, 4, 8, and
16 gpm.
zd; Valve opening rate, 3-30 in2-sec-l,
Simulated air load conditions, constant loads from 50 to 3000 psi
(air pressure on opposing side of piston), and increasing loads at
spring rates of 170 to 1000 1b/in. of piston travel.

§a§ System pressure, 3000 psi.

Constant alr loads were applied to the cylinder by means of an air chamber
connected to the opposing side of the piston (Fig. ég) and charged to the
desired pressure with nitrogen. The alr chamber used was a 200 cu in.,

piston type, accumulator (Contractor part No. 161-58095) with the piston
removed and the air port capped. With this volume available, the volumetric
change due to piston displacement had essentially no effect on the pressure in
the chamber. Increasing alr loads were simulated by hellcal compression
springs, of varlous spring rates, which applied load to a platform on the
upper end of the piston rod (Fig. zé). Buckling of the springs was prevented
by a tubular guide. Adjustment was provided at the fixed end support so that
the 1nitial load on the platform could be controlled. The force transducer
was placed at Location 1, Fig. 35. The mass load present in these tests was
primarily the tare weight (10 1b) of the movable parts of the cylinder. In
the increasing air load tests, there was a small lncrease due to the effective
spring mass,

%.%3.6.2 Under constant load conditions, the initial peak pressure ratio was
found to increase almost proportionally with the magnitude of the applled air
load (Fig. 51). In the equivalent electric analog, (Appendix I, Par. 3.6) a
constant air load is represented by an infinite capacitor (battery) in
opposition to the accumulator capacitor charge (Py), which has the primary
effect of decreasing the potential difference, thereby decreasing the current
flow in the circuit. From this, it was concluded that the magnitude of the
initial pressure rise under constant air load conditions with no mass or
friction present in the cylinder should be approximately proportional to the
applied air load (Fig. 51). The difference between the peak pressure ratios
of the theoretical (zero inertia and friction) and experimental curves was
attributed to the effect of the pressure wavefront on the mass and friction
forces present in the cylinder., It can be seen from the curves that the
inertia effect decreased as the magnitude of the applied air load increased,
which was indicative of the reduction of avallable energy for acceleration

of the mass. The intercept points on the curves (Filg. 51) are the peak
pressure ratios of a closed-end tube. As was observed In the mass load tests
(Par. 3.3.5) with no accumulator in the system, the magnitude of the initial
pressure surge was not appreciably effected by pump discharge flow rate. The
effect of slower valve opening rate was to decrease the 1nitial peak pressure
ratio in a similar manner as was observed in the mass load tests. Initial
peak pressure ratios vs. valve opening rates for various applled air loads
with the accumulator installed in the system are shown in Fig. 52. The data
shown in Fig. 52 were determined from cross-plots of original data obtalned
from the oscillograph records.

3,3,6,3 Studies of the pressure surges which occurred when the piston

bottomed indicated that the magnitude was approximately proportional to the
piston velocity. Good correlation was obtained between experimental values
and theoretical values based on instantaneous closing valve theory (Ref. 1,
Appendix X), -
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Flgure 52

INITIAL PEAK PRESSURE RATIO VS. VALVE OPENING
RATE FOR VARIOUS CONSTANT AIR LOADS
ACTUATING CYLINDER SYSTEM WITH AN ACCUMULATOR
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Note: Tare weight, 9.0 1b per unit plston area.
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Figure 53

BOTTOMING PRESSURE SURGE VS. BOTTOMING PISTON
VELOCITY - ACTUATING CYLINDER SYSTEMS UNDER
: AIR LOAD .CONDITIONS
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Figure 54

INITIAL PEAK PRESSURE RATIO VS. VALVE
OPENING RATE FOR INCREASING AIR LOADS (ZERO INITIAL LOAD)
ACTUATING CYLINDER SYSTEM WITH AN ACCUMULATOR
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Note: Tare welight, 9.0 1b per unit piston area.
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Pm - Po =7|/-£ v, (3-6)
Pe

where
Pp = maxlmum pressure of surge, psi,
Po = accumulator pressure, psi.
p = fluid mass density, lb-sec2-in-4
Be = effective system compressibilitX, psi"1
Uo = average fluid veloclity, in-sec~

For specific application of the theory to actuating cylinder systems,
consideration has to be given the fact that energy 1s derived from two
different volumes of fluid moving at different average velocitles, To take
this into account, Eq. 3-6 was modified as follows:

Pp - Po = |- |UgsC + Up L (3-7)
Be Vr Vr

where

Ue = average fluid velocity in cylinder, in-se¢-l

U, = average fluld velocity in tubing, in-sec”

Ve = volume of fluid in cylinder (at end of piston stroke), inJ

Vi, = volume of fluid in tubing (from accumulator t% cylinder port), in3

Vp = Vo, + Vp, = total volume of fluid in motlion, in

o~ A
Since U, & U, €
L c AL,

where

Ac. = net area of piston, in2
= internal cross-sectional area of tube, in2

Eq. 3-7 can be written

v Ach [V
P, - Py = \/-P—— —C (2] L 3-8
! ° ﬁe Ue [VT (AL) <VT ( )

From experimental data, the piston velocity was found to decrease as the
applied air load was increased. As can be seen from the electrlc analog,

the current flow in the circult will be a function of the potential difference
between the accumulator charge and the alr load battery in the system, which
decreases as the battery potential increases. A comparison of experimental
values of Pp - P, with theoretical values calculated from Eq. 3-8 1s given in
Fig. 53. Although the theoretical formula (Eq. 3-8) 1s considered valid,
further investigation is recommended to determine the effect of different

area and volume ratios.

%.3,6.4 Results of the tests under increasing load conditions indicated

tThat the magnitude of the initlal pressure surge was essentially independent
of spring rate (Fig. 2&). For these tests, the initlal air load on the
cylinder was approximately zero. The peak pressure ratios for increasing
load conditions were slightly higher than were obtained on the basic cylinder
with no external forces other than the tare weight of movable parts (Fig. 54).
This was attributed primarily to the small increase in mass load resulting
from the spring inertia. 1In the equivalent electric analog (Appendix I,

Par. 3.6) an increasing air load is represented by a capacitor of finite
value. As the charge on this capacitor 1s increased by increasing air loads
and by transfer from the accumulator capacitor, the potential difference, and
the consequent current flow, in the system 1s reduced more rapldly than in the
constant air load case. From this, 1t was concluded that the primary effect
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Figure 55

INITIAL PEAK PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS DEGREES OF RETURN LINE RESTRICTION
ACTUATING CYLINDER SYSTEMS WITH AND WITHOUT AN ACCUMULATOR

=
(@]

(o]
Ll
o

[
21

[O]

&~

o]

0

0

(0]

4
[}

(&)
Ay
—

(4]
o
)
o

=}
-

{(Adetmuiator puE) |||

10.0

Valve Openlng Rate, 1nz-sec'1

Notes: Pump discharge flow rate at 3000 psil, 2 gpm.
Tare welght, 10.2 1b per unit piston area. , ’

WADC TR52-37 80

SECURITY INFORMATION—RESTRICTED
o




SECURITY INFORMATION—RESTRICTED

of an increasing load would be to reduce the bottoming surge. Studies of the
plston veloclity under various spring rates substantiated this. Experimental
data on the magnitude of the bottoming pressure surge as a function of piston
velocity are shown in Fig. 53. Although no tests were conducted with an
initial load which increased with piston stroke, it is anticipated that the
magnlitude of the 1nitial pressure surge under a given set of conditions would
be comparable to the value obtained under constant load conditions, while the
bottoming pressure surge would be decreased.

3.3.6.5 The effect of an air load which decreases with piston travel can be
visualized by consldering the equivalent electric analog. In the analog
(Appendix I, Par. é;é): the decreasing air load is represented by a capacitor
of finite negative value, which has the effect of increasing the potential
difference in the system as the accumulator capacitor discharges. The
initial alr 1load 1is represented by an initial charge on the air load
capacitor. From this, it was concluded that the magnitude of the initilal
pressure surge would be approximately the same as would be obtained under a
constant air load equivalent to the initial load of the decreasing load
configuration, while the bottoming pressure surge would be higher.

3.3.7 Return Line Restriction

3.3.,7.1 A restriction in the cylinder return line 1s sometimes used as a
piston velocity-limiting device. The effect of this restriction was investi-
gated by studying the pressure waveforms on both sides of the cylinder piston
under the following conditions:

b Accumulator precharge alr pressure, 1000 psi.
c System flow conditions, accumulator in (pump discharge flow rate,
2 gpm), pump discharge flow rates (accumulator out) of 2, 4, and
gpm.
2d§ Valve opening rate, 3-30 in2-sec-1,
e Restrictor flow rates at 3000 psi, 1/4 to 8 gpm.

gai System pressure, 3000 psi.

For these tests, one-way restrictors (Contractor part No. 1V4) of various
flow ratings were connected to the return port of the test cylinder such

that restriction was offered to the flow from the c¢ylinder. The actual flow
rates of the restrictors used were experimentally determined for 3000 psi
pressure differentlal across the orifice. To minimize return line effect,
the restrictor was located close to the cylinder and the flow was discharged
into a fluid chamber under a constant static pressure. The fluid chamber
used was a 200 cu in. piston type accumulator (Contractor part No.

161-58095) with a precharge air pressure of 25 psig. The general procedure
for preparing the configuration for test was as follows:

(a) The desired restrictor was installed in the c¢ylinder return line,

(b) The accumulator and cylinder were charged with fluid to
approximately 60 psi pressure and were bled of entrapped air.
Valve "A", Fig. 35, was closed. In this configuration, the fluid
and air supplies wWere opposite to that shown in the schematic
diagram.

Since the volumetric change due to piston displacement was small, the static
pressure in the accumulator remalned essentially constant during test runs.
There was no mass load, other than the tare welght (10 1b) of the movable
parts of the ecylinder, applied during these tests.

3.3.7.2 With an accumulator installed in the system, restrictors having
small orifices (0.37 - 1.59 gpm, flow rate at 3000 psi pressure differential)
gave pressure surges of approximately the same magnitude as were

observed in closed-end tube tests with varying valve opening rates on a

96 in. test section (Par. 3.2.2). Increases in the orifice size gave lower
peak pressures, as shown in Fig. 55. With the accumulator removed from
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Figure 56

INITIAL PEAK PRESSURE RATIO VS. RESTRICTOR
SIZE SHOWING RELATIVE EFFECT ON ACTUATING
CYLINDER SYSTEM WITH AND WITHOUT AN ACCUMULATOR
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Flgure 57

TYPICAL PRESSURE WAVEFORMS SHOWING RELATIONSHIP OF
PRESSURES ON OPPOSITE SIDES OF PISTON - ACTUATING CYLINDER SYSTEM
WITH A 2 GPM RETURN LINE RESTRICTION '
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Accumulator Removed from Test System

.

Piston Position

Inlet Cylinder Pressure

Return Cylinder
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Denison Spool Positlon

Accumulator Installed in Test System
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the system and “he pump discharge flow rate set at 2 gpm, the magnitude of

the initial pre._sure surge was approximately equal to system pressure for

all valve opening rates on the 0.37 gpm restrictor. Increases in restrictor
size reduced the peak pressure ratio as shown in Fig. 55. Increases in the
pump discharge flow rate gave almost linear increases in the initlal peak
pressure ratio, the ratio increasing from 0.91 at 2 gpm on a 2.27 gpm
restrictor to 1.03 at 8 gpm on the same restrictor. For comparative purposes,
peak pressure ratios are shown for the initial pressure surges whilch occurred
on the basic test cylinder with no external loads applied. These ratios were
determined from analytical work on the data obtained in the mass load and ailr

load tests (Par. 3.3.5 and 3.3.6).

3.%5.7.3 A relative effect of restrictor size on a system with and without an
accumulator is shown in Fig. §§. The pump discharge flow rate was 2 gpm and
the valve opening rate was 26 £ 2 in /gec.

3.2.7.4 Studies of the pressure waveforms in the test cylinder indicated |
a e magnitude of the initial pressure surge was essentlally the same on

both sldes of the piston. Oscillation of the actuating cylinder piston, \
shown in the position trace in Fig. 57, was indicative of the acceleration

and deceleration which occurs in a fluild system under pressure surge

conditions. Although no specific tests were conducted, it is theorized that

higher mass loads would increase the magnitude of the pressure surge on the

inlet side of the piston, approaching a closed-end tube condition, and

decrease the magnitude of the pressure surge on the return side of the piston.

Another consideration 1s the location of the restriction, which might result

in dual frequencies reacting upon the piston. Further investigatlon would be

necessary to establish a more exact correlation.

3.4 Accumulators

%.4.1 General Notes

3.4.1.,1 The effect of parameters relative to system accumulators was
Investigated by studying the pressure surges 1n a closed-end tube when a
valve was rapidly opened. The apparatus, except for system accumulator, and
general procedure were the same as described in Par. 3.2.1. Unless otherwise
noted, the baslec test conditions which prevailed were as follows:

System pressure, 3000 psli.

Accumulator precharge air pressure, 1000 psi.
Pump discharge flow rate, 2 gpm

Fluild temperature, 28 £ 5 C %100 + 9 F).

Test section length, 96 in,

Valve opening rate, 2-30 in2-sec-i,

HOOODTDTE

.

%.4.2 Geometrical Shape and Size

3,4,2.1 The effect of geometrical shape and size of accumulators on the
pressure surges In a closed-end tube were studied by tests on the following

accumulators:

(a) Vickers Model No. AA-143%07-A, 200 cu in., diaphragm type
(Par. 3.2.2).

(b) Vickers Model No. AA-14305-A, 60 cu in., diaphragm type.
(¢) Bendix Model No. 405554, 200 cu in., diaphragm type.
(a) Bendix Model No. 405525, 60 cu in., diaphragm type.

(e) Bendix Model No. 409201, 60 cu in., piston type, 2 in. diam
piston.

(f) Contractor part No. 161-58095, 200 cu in., piston type, 5-1/2 in.
diam piston.
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(g) Contractor part No. 161-58042, .60 cu in., piston type, 3 in. diam
piston,

3.4.2.2 Results of the tests indicated that the variations 1in the geometrical
shape and size of the accumulators tested produced no significant effects on
the magnitude of the surge peak (Fig. 58), on the logarithmic decrement of the
underdamped oscillatory wave (Fig. 59), or on the frequency of the

fundamental pressure wave (Fig. 60).  This was in agreement with the electrical
analog theory developed in Appendix I, which indicated that the effect of
accumulator capacitance, inductance, and resistance was comparatively small in

"the majority of cases.

3.4.2.3 8Since the variations in the data shown in Fig. §§, 59, and 60 were
consldered to be within the general limits of experimental accuracy, there was
no practical significance in attempting to differentiate and evaluate the

effects of the accumulator parameters.

3.4.3 Precharge Air Pressure

3.4,.%,1 The effect of accumulator precharge air pressure on the pressure
surges in a closed-end tube was studied by comparison of the resulting surges
for 600, 800, and 1200 psi precharges with data obtained in Par. 3.2.2 on a
Vickers accumulator (Model No. AA-14307-A).

3.“.%.2 Test results indicated that accumulator precharge air pressure had
no significant effect on the magnitude of the pressure surge (Fig. 61), on the
logarithmic decrement of the underdamped oscillatory pressure wave, or on the
frequency of the fundamental wave,

3.,4,4 Piston Mass

3,4,4,1 Various weights were added to the plston of an accumulator (Contractor
part No. 161-58095) to determine the effect of piston mass on the pressure
surges in a closed-end tube. These weights were added on the o0il side of the
piston and the accumulator was precharged to 1430 psi air pressure. This
precharge was such that the air volume in the accumulator under 3000 psi oil
pressure was the same as that of the basic accumulator when precharged to

1000 psi and then charged to 3000 psi oil pressure.

3.4.4.2 The magnitude of the pressure surge was found to be independent of
piston mass over the range tested (Fig. 62). Piston masses up to 8.6 times
the original design mass were tested.

3.4,4.3 The logarithmic decrement of the underdamped oscillatory pressure
wave increased slightly as the piston mass was increased (Fig. 63), but
remained relatively constant over the range of valve opening rates. This
effect was attributed to increased friction due to eccentrlc loading on the

piston lands.

3.4,5 Temperature

3.4,5.1 Since it was possible that greater damping due to increased piston
friction at low temperature might result in attenuvation of the pressure
surges, investigation was conducted on a piston type accumulator (Contractor
part No. 161-58095) at various temperatures from 71 C (160 F) to -54 C

(-65 F). These tests were made in conjunction with the tests described in
Par., 3.2.8 which used a spherical diaphragm type accumulator (Vickers Model
No. AA-TF307-A).

3.4.5.2 Essentially no difference in the magnitude of the pressure surges,
Togarithmic decrement, or the frequency of the underdamped oscillatory wave
was observed between the two different accumulators under ldentical test
conditions. From this 1t was evlident that the change in damping due to
piston friction was small and that the relative effect of such damplng was
of no practical significance,.
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Figure 58

PEAK PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS TYPES OF ACCUMULATORS
IN A CLOSED-END TUBE SYSTEM
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Figure 59

LOGAﬁITHMIC DECREMENT VS

VALVE OPENING RATE

FOR VARIOUS TYPES OF ACCUMULATORS
IN A CLOSED-END TUBE SYSTEM
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Figure 60

FREQUENCY OF THE FUNDAMENTAL PRESSURE WAVE VS. VALVE OPENING RATE
FOR VARIOUS TYPES OF ACCUMULATORS
IN A CLOSED-END TUBE SYSTEM
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Figure 61

PEAK PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS ACCUMULATOR PRECHARGE AIR PRESSURES
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Figure 62

PEAK PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS ACCUMULATOR PISTON WEIGHTS
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Note: 96 1n. test section length.
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Figure 63
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‘Figure 6}

MODIFICATIONS IN BASIC TEST APPARATUS TO ACCOMODATE TESTS
ON DIFFERENT TYPES OF SELECTOR VALVES

Modification for Poppet Type Modification for Shear Seal Type
Selector Valve Selector Valve
(Adel part No. 18184-2) (Saval part No. 4840-2) .
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3,5 Selector Valves

3.5.1 General Notes

3.5.1.1 The effect of selector valve design was Investigated by studying the
pressure surges 1in a closed-end tube when valves of different types were
opened in the same basic system configuration (Fig. l). Specific test
conditions which prevalled were as follows:

System pressure, 3000 psi.

Accumulator precharge air pressure, 1000 psi
Pump discharge flow rate, 1 gpm.

Fluid temperature, 38 + 5 C (100 *+ 9 F).
Test section length, 96 in.

®OQ0o o

The valves tested were a poppet type (Adel part, No. 18184-2) and a shear seal
type (Saval part No. 4840—2?. These two valves were selected because of the
wlde difference in their geometry and operating characteristics. Provisions
were made such that the valve opening rate could be varied.

3.5.1.2 The instrumentation and general test procedure were essentially the
same as described in Par. 3.2.1. The pllot system selector valve was changed
to a solenold operated valve for convenlence of operation only. :

3.5.2 Adel Valve

3.5.2.1 The Adel valve described In Par. 3.5.1 was modified and mounted on
the basic test jig such that the poppet cou e externally operated by the
basic pilot system acutating cylinder (Fig. 64). With this configuration the
valve opening rate could be varied as desired from a maximum rate of

18 in2 sec-1., The pressure drop-flow-displacement characteristics were
determined for steady-state flow conditions and are shown in Fig. 65, From
the valve geometry and actual dimensions, calculation of the area vs,
displacement relationship was made. This relationship is also shown in

Fig. 65. Valve opening rates were determined from the velocity of the pilot
system actuating cylinder piston and the average slope of the area vs.
displacement curve.

3+5.2.2 The peak pressure ratlio was found to decrease with decreasing valve
opening rate 1n approximately the same manner as was observed on the basic
test valve (Fig. 67). Studies of the logarithmic decrement indicated that
the damping effective during the oscilllatory wave (i.e., following the
initial peak) was higher with the Adel valve installed than was observed on
the Denison valve., Thils was attributed to the smaller maximum port area of
the Adel valve. With this higher damping it might be expected that slightly
lower peak pressure ratlios would occur with the Adel valve, but this was not
indicated from the test results. From this 1t was apparent that the relative
effect of the valve resistance on the total system damping during the initial
pressure rise was of primary importance 1n valve comparison. The need for
further investigation to establish a method for evaluating the effect of
valve resistance (which i1s non-linear in characteristic) on the initial
pressure rise was evidenced by this analysis.

3.5.2.; The average logarlthmic decrement based on the first two peaks of
e underdamped oscillatory pressure wave was 0.4 for the tests conducted.
The frequency of the oscillatory wave was in agreement with the frequency
vs, system length curve shown in Fig. 20.

3.5.% Saval Valve

3.5.3.1 The Saval valve described in Par, %.5.1 was mounted on the basic
test Jig such that the shaft on the valve plate could be operated by the
basic pllot system actuating cylinder. Operation of the shaft was
accomplished through the pulley-cable arrangement shown in Fig. 64. Angular
displacement of the valve plate was indicated with a potentiometer type
position transducer, the signal being recorded with an Aeroquip Hydrauli-
scope. The pressure drop-flow-angular displacement characteristics of the
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Figure 65

PERTINENT DATA ON THE CHARACTERISTICS OF A POPPET TYPE
SELECTOR VALVE (ADEL PART NO. 18184-2)
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Figure 66

PERTINENT DATA ON CHARACTERISTICS OF A SHEAR SEAL TYPE

Valve Opening Area, 1in2
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SELECTOR VALVE (SAVAL PART NO. 4840-2)
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Figure 67

PEAK PRESSURE RATIO VS. VALVE OPENING RATE
FOR VARIOUS -TYPES OF SELECTOR VALVES
IN THE SAME CLOSED-END TUBE SYSTEM
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Note: 96 in. test sectilon length. .
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valve were determined for steady state flow conditions and are shown in
Fig. §§. From valve geometry and actual dimensions, the area vs. angular
displacement relationship was calculated and this curve 1s shown on Fig. §§

also.

3.5.%.2 With the test configuration shown in Fig. §£, the angular velocity
o e valve plate could be varled as desired from a maximum of 1250 deg per
sec, However, due to the small orifice size (0.109 in. diam) in the valve
plate, and the valve geometry, the valve opening rates were comparatively
low, (0.6-1.2 in2-sec-1). Valve opening rates were determined from the

angular displacement curve (Fig. 66).

Je5e3. The peak pres